Remote-sensing reflectance is easier to interpret for the open ocean than for coastal regions because the optical signals are highly coupled to the phytoplankton (e.g., chlorophyll) concentrations.
Introduction
The use of the power law of spectral-radiance ratiosl 2 to measure pigment concentrations requires that the water-leaving radiance be largely determined by variations in the pigment concentration, with all other optical constituents covarying with this quantity. The method works quite well for the open ocean, or case 1 waters, 3 in part because the water-leaving radiance of open ocean waters is hardly affected by bottom reflectance, land runoff, or suspended sediments. Although aeolian dust may be carried by winds to the open ocean, 4 the dominant effect of the particulates may still derive from phytoplankton. 5 The power-law approach can be much less accurate for estuarine and coastal areas, 6 however, because many of the optical constituents are independent of phytoplankton concentrations. In these areas, the water-leaving radiance includes not only parts that are due to elastic scattering by water molecules, phytoplankton detritus, suspended particulates, and bottom reflectance, but also parts that are due to inelastic scattering of colored dissolved organic matter (CDOM) fluorescence and water Raman scattering. Thus, changes in ocean color resulting from suspended sediments or dissolved organic matter may be falsely interpreted as changes in pigment concentration. 6 ' 7 An approach to address these problems is to measure the light field and analytically separate the different spectral contributors. Optical models have been developed for the subsurface irradiance reflectance, 7 ' 8 but satellites measure the radiance leaving the water surface. The water-leaving radiance is governed by two distinct parts: the solar input and in-water properties. When the remote-sensing reflectance (Rrs) is defined as the ratio of the water-leaving radiance L(X) to the above-surface downwelling irradiance Ed(O+, X), Rrs will be independent of the intensity of the solar input. Models have been suggested by Carder and Steward, 9 Gordon et al., 1 0 and Peacock et al. " to explain the measured Rrs, but in these works no contributions from CDOM fluorescence, water Raman reflectance, or bottom reflectance were included. Also, in these works 9 1 an arbitrary Q factor1 2 was used.
For water-depth measurements' 3 l 4 or bottom-feature mapping,' 5 the diffuse attenuation coefficient 14 or an unclear effective attenuation coefficient1 5 is usually used. For improvement of the interpretation of such measurements, an explicit expression is necessary for attenuation of the reflectance term that represents bottom reflectance. In this study, hyperspectral remote-sensing reflectance for waters from the West Florida Shelf to the Mississippi River plume was measured and modeled with a derived Q factor and the addition of bottom reflectance, CDOM fluorescence, and water Raman scattering.
Theory
The upwelling radiance leaving the ocean is a complicated mix of signals caused by many components. The major contributions arise from the following: absorption by molecules and particulates, elastic scattering by molecules and particulates, and bottom reflectance in shallow waters. Inelastic scattering processes (e.g., water Raman scattering and fluorescence of CDOM, chlorophyll, and phycoerythrin) are also contributors. Works by Carder and Steward 9 and Gordon' 6 dealing with chlorophyll a (chl a) fluorescence have been reported, but, because the fluorescence efficiency varies by an order of magnitude, 9 this term is not considered in the present model. As peak chlorophyll fluorescence occurs in a narrow band centered around 685 nm,' 7 its absence from the model is clearly seen when one compares values of measured and modeled Rrs (685) at higher chlorophyll concentrations. Perturbations between modeled and measured curves at 580 nm and 685 nm will be considered in the discussion relative to fluorescence that results from phycoerythrin and chl a, respectively. It is assumed that the water-leaving radiance LW(X) is dominated by the following four components: elastic scattering from molecules and particles Lww(X), bottom reflectance Lwb(X), CDOM fluorescence Lwf(X), and water Raman scattering LWR(X). It is also assumed that to the first order (single scattering and quasi-single scattering' 8 ) the water-leaving radiance can be expressed as
The symbols and definitions used in this paper are summarized in Table 1 . Wavelength dependence is included here, but for convenience it is not included in the following discussions except when necessary for clarity.
Remote-sensing reflectance is defined as
Breaking this equation into contributions from the various mechanisms listed in Eq. (1), we have
In the interpretation of the measured Rrs on the left side of Eq. (3), each component on the right side of Eq. (3) is expressed by the optical properties of the water.
A. Remote-Sensing Reflectance of the Water Column RrsW For a homogeneous water body consider a wavelengthindependent factor I as the influence of the air-sea interface on water-leaving radiance. Then the RrsW, which is due to eleastic scattering in the water column, can be described in terms of values just below the interface as
Ed(0) (4) where I = t+t /n 2 For a zenith Sun, a nadirviewing instrument, and a calm surface, t 0.98 and I 0.533 (Ref. 12) because n (1.341) varies only slightly when the salinity changes.' 9 For larger solar zenith angles and foam-covered seas, t will be lower.' 2 In our work, we specifically avoid foamcovered seas.
The subsurface-irradiance reflectance from the water column Rw is defined as the ratio of the subsurface upwelling irradiance EUw(O-) to the subsurface downwelling irradiance Ed (O-) by
and Austin' 2 has related Ew(0-) and LUw(o-) through the Q factor by
Q EUw(O-)
LUw (O-) so RrsW can be expressed as
For irradiance reflectance Rw, Gordon et al. 2 0 developed a series relation with the Monte-Carlo method by
This equation was simplified 21 , 22 to
for values of bb/a up to 0.25. The constant 0.33 actually varies slightly with the solar zenith angle. 2 3 24 Because this paper deals with remote-sensing reflectance, which is less influenced by the fraction of forward scatter that upwells at solar zenith angle > 0°, Rrs is not as sensitive to the Sun angle, as is irradiance reflectance. Thus, we retain 0.33 as a 
where {Dd} is the vertically averaged downwelling distribution function and {Dd} 1.08Dd(0). 2 5 Dd (O) is the downwelling distribution function just beneath the surface, and Assume that the bottom is a Lambertian reflector with bottom albedo p, then Rrsb can be approximated as b 0.533
where k is the effective attenuation coefficient for the radiance from an extended Lambertian source. How k relates to the quasi-diffuse attenuation coefficient K is not well understood. Heuristically, it should be a value between the beam attenuation coefficient c and the quasi-diffuse attenuation coefficient K. Taken from the Monte-Carlo simulations for a totally diffuse light source, 2 5 k is approximately 1. 4 K to 1. 7 K for KH in the range of 0.5-4.0. As an average in this work, k = 1.5K, as is used by Marshall and Smith. 2 6 Then Eq. (13) In general, these terms are due to inelastic scattering (indicated by the subscript ie) by CDOM molecules and water molecules. We defne the volume scattering function for inelastic scattering as I3ie(a, x, x) = Tie(a, X) (15) where Tie(a, A) is the intensity of the inelastically scattered light at scattering angle a, dV is the scattering volume, E(AX) is the irradiance of the excitation beam, and a is the angle between the excitation beam and the output photon directions. ie is considered to be isotropic, then remotesensing reflectance resulting from CDOM fluorescence and water Raman can be expressed (see Appendix B for details) as
0072[2a(X) + a(XX)]Ed(0, X)

Field Measurements
From 1990 to 1993, measurements of optical properties for case 1 and case 2 waters, which include waters from the West Florida Shelf to the mouth of Mississippi River, were taken. Case 2 waters are those that contain optical materials that are not derived from phytoplankton, in addition to phytoplankton and phytoplankton-derived materials. 3 Table 2 summarizes the field data for selected stations. Figure 1 shows the station locations in the Gulf of Mexico. For each station, remote-sensing reflectance Brs and surface-water particulate absorption ap were measured. For the 1993 stations, a long-path (50 or 100 cm) spectrophotometer was used to measure ag. For Rrs we directly measured the upwelling radiance above the sea surface and downwelling sky radiance using a Spectron Engineering spectral radiometer (Model SE-590) following the method of Carder et al. 2 7 We measured downwelling irradiance above the sea surface with the SE-590 by viewing a Spectralon diffuse-reflection calibration panel. Remote-sensing reflectance values were determined by removal of the reflected skylight from the upwellingradiance values 9 2 7 and division of the result by the downwelling-irradiance values. For each station, three sets of measurements were taken, and an averaged Brs spectrum was derived, with coefficients of variation much less than 5%.
For ap, we measured a surface-water sample immediately after its collection following the method developed by Mitchell and Kiefer. 2 5 Briefly, for each water sample, 1000 mL (with variations according to the clarity of the water sample) were filtered through Whatman-type GF/F glass-fiber filters. Hyperspectral optical densities of the sample pad and a wet blank pad were measured with the Spectron. The optical-path-elongation factor 13 was calculated with Eq. (2) in Bricaud and Stramski. 2 9 The optical density measurements were repeated three times with no significant variation noted among them.
At the 1990 stations, gelbstoff absorption ag was derived from surface-layer Kd values determined with a Biospherical Instruments MER-1048, through the use of the expression ag = Kd cos(j) -a, -ap. At the 1993 stations, ag was measured with 50-cm or 100-cm path-length instruments, respectively, after the sample was filtered through 0.2-pLm pore-diameter Gelman Supor-200 filters.
Model
For the modeling of measured Rrs spectra, values for a, and bbm were already known, 3 0 ap was measured, and ag was measured or derived from Kd spectra. What needs to be considered is how Q, bbp, p, H, '9, s, Xo, and cr change for different environments. Because Raman is a type of molecular scattering, bR(AX) is considered to have a wavelength dependence similar to that of the water-molecule scattering coefficient, 3 ' i.e., a function of X-4 . Because bR(488) = 2.6 x 10-4 m-(Marshall and Smith 2 6 ), thus bR(XX) = 2.6 x 10-4 (488/X.) 4 , and the frequency shift for water Raman scattering was fixed at 3350 cm-' as an average from Collins et al. 3 2 The incoming, total downwelling-irradiance spectrum was measured with a Licor 1800 spectral irradiance meter 2 3 3 the quantum efficiency (X) was between 0.5% and -1.5%, and it was generally rather constant for different excitation wavelengths. For the log-normal expression in R 1. /, the shape factor s was 10, Ao (.95X, -45), and u (195 -X,/5), all of which were quite constant for the different stations. 3 3 Based on these measurements, r = 1.0% was used for all the stations except ST03, where XI = 1.5% was measured. At ST12, ST14, and ST01 where significant terrigenous CDOM was present, X = 0.5% was used.
If (18) in which Qm and Qp are the Q factors for molecules and particles, respectively, and are defined as Rrsb This value depends not only on the optical properties of the water body, but also on the water depth and the bottom albedo. In the modeling work, the water depth was based on the Provisional Chart No. 100334 for the Gulf Coast, and the bottom albedo was based on earlier measurements of bottom samples from the region that had near-shore values of 0.1-0.2 (used for ST01) and offshore values from 0.4-0.5 (used for ST02 and ST03). Figure 7 (below) shows examples of those albedo spectra. The quasi-diffuse attenuation coefficient K is assumed to be equal to the absorption a. For ST19, an albedo value of 0.1 is required, which suggests that the bottom might contain more heavy minerals or grass at that site. Direct bottom-albedo measurements are lacking at individual stations and are needed for a wide variety of bottom types.
Rrsw
When using Eq. (10) to model the measured RrsW, we need to know a,, ag, a,, bbm, bbp, and Q. Values of a, and bbm are already known. 3 0 When ag and ap are measured, only bbp and Q for different water bodies and solar zenith angles are required. The particulate backscattering coefficient bbp has been considered to be a spectral function of X-1 for offshore waters or to be spectrally constant for near-shore waters."', 35 For the factor Q, however, only a few measurements exist, and its values have been reported from 3.2 to 12.9 Q has been taken to be approximately 4.7 and spectrally constant from 440-550 nm, 3 6 although Kirk 37 gives Q as -4.9, and Gordon et al. 0 2 0 suggest a value of -3.4. For many studies, Q is often arbitrarily chosen as a spectral constant. 9 ""',1 3 From measurements by Davis, 3 8 however, Carder et al. 6 found that Q is not spectrally constant for the 1990 stations, and there was a trend for Q to increase with wavelength (an inverse trend compared with bbp). Recently, Morel and Gentili 3 9 published Monte-Carlo simulations of Q for a variety of water types, but they provide no explicit expression for Q as a function of a and bb or P. So, for modeling RrsW for a region where spectral bbp and Q need to be considered, at least four parameters are needed based on Eq. (10): two for bbp(X) and two for Q(X).
E.m(O-) L t m (O-) EUP(O-)
P L(0-) (19) For Qm to the first order an estimate can be made based on the phase function and illumination geometry. For a given illumination geometry, the shape of the radiance distribution within the water is determined primarily by the volume scattering function through single scattering. For example, Gordon 25 suggested that a single-scattering approximation can be used to specify the variation of R with the solar zenith angle, and Kirk 2 2 used single scattering to describe the average cosine. We combined the approach used by Jerlov 4 to provide an estimation of radiance and irradiance with Sun angle and depth, Austin's definition of the Q factor,' 2 and the volume scattering function of water molecules given by Mo- 
With the assumption that the Q m attributable to skylight is approximately 3.14, the effective Q m for a mixture of sunlight and skylight is given by (Appendix A) ( 
21) 1 + qy(X)
Qsun(j) Q = - Q sun(j)
I+y(X\)
3.14 if we define y(X) = EdskY/Edsun, and calculate y(X) using the model developed by Gregg and Carder. 4 2 Model results of Qmsun(j) centered around 3.3 for environments studied in this contribution and are shown in Table 3 , and the calculated Qmsun is consistent with Morel and Gentili's Monte-Carlo results. 3 9 Because we know the volume scattering function for neither the total water sample nor the particles, bbp and Qp cannot be independently estimated. However, because bbp has been considered a function of bbp(400)(400/X)Yb as in Smith and Baker, 3 0 we may also consider Qp to be a function of Qp(400)(X/400)YQ. (22) where X and Y are two unknowns determined for specific particulate suites and solar illumination situations if Eq. (18) is inverted. After calculating RrsR, Rrsf, and Rrsb, only X and Y remain unknown. The modeled RrsW and the residual of Rrs -RrsR -Rd -Rrsb were matched to derive X and Ywith a predictor-corrector approach to modeling, as in Carder and Steward. 9
Results ahd Discussion
Using the methodology described above (see Model) we modeled Rrs for case 1 and case 2 waters, which include (1) the West Florida Shelf waters, with shallow, gelbstoff-rich coastal waters, and (2) Gulf of Mexico waters, with phytoplankton blooms in the Mississippi River plume (S > 17%). As examples,
Figs. 2-5 show the detailed model components for Rrs, and Fig. 6 shows the results of all the listed stations. Table 2 provides the station locations as well as the measured and modeled water depths of the shallow stations. Table 3 fluorescence is present in the field data. The overall averaged difference between the measured and modeled Rrs is 2%, which is well within the measurement accuracy. The ap that is required by the model is within 15% of the measured ap except near the Mississippi River at ST12 (25%), with the highest chl a concentration (38.6 mg/m 3 ). The average difference between the measured and required ap is 8.9% (6.9% when ST12 is excluded). The maximum 15% or 25% difference can perhaps be explained by the accuracy involved in the method of ap measurement because of the factor, which varies significantly among species. 2 9 This may be especially important for ST12, which was near the Mississippi River mouth where the heavy load of sediments and minerals might cause additional uncertainty. Also, the influence of the horizontal and vertical structures of the waters increases for mesotrophic-eutrophic waters, so patchiness can affect accuracies in the more hypertrophic waters. Finally, the low signal obtained for the upwelling radiance measurements at ST12 made the Rrs calculation sensitive to corrections for reflected skylight. From Table 3 , the ratio of ag(440) to ap(440) is highly variable, with a range from 0.3 to 3.0, and the X value does not covary with the pigment concentration of chl a for the waters studied. This illustrates that the model works well over a wide range of conditions and also suggests why the power-law algorithm does not work well for coastal waters. The highest X value, 0.0090 m-l sr-', was at the shallow, mesotrophic waters at ST01, which suggests a high influence of detritus and suspended sediments. Brisk northwesterly winds suspended sediments in the shoal regions to the east and north of the station, and sediment and detritus likely were transported by the ebb tidal currents from Tampa Bay to the study site. 2 7 The Y values were generally within the range of 0-2.4 for the waters reported here. This range might be interpreted to be partially due to bbp and partially due to Qp. For the particle backscattering coefficient bbp the wavelength exponent is in the range 0-3.0 for a range of particle sizes (e.g., bacteria, 4 3 phytoplankton cells, 4 4 and coccoliths' 0 ). From Eq. because a higher (1.5%) was encountered. 3 3 This value is 3 times greater than the value suggested by Spitzer and Dirks 4 5 for terrigenous CDOM. If we exclude this station, more than 90% of the waterleaving radiance is accounted for by the sum of the elastic scattering from molecules, particles, and the bottom. This is consistent with the reports of Marshall and Smith 2 6 and Stavn, 4 6 because the waters studied in their reports were clearer. Water Raman scattering makes more of a contribution when the water is clear, and Rrsf,/Rrs will typically have a higher value at 550 nm than at 440 nm. It is interesting that the ratio Rrs(440)/Rrs(550) did not vary widely (within 15%) because of inelastic scattering (see Table 4 ). Among stations without bottom influence, differences in the ratio were within 10%, which suggests the spectral-radiance ratio is effective for most deep waters without consideration of CDOM fluorescence and water Raman scattering. But it is obvious that as the bottom influence increases the usefulness of the power-law algorithm decreases. Also, the power-law algorithm cannot distinguish between the absorption of CDOM and that of pigments. Note also that Rrsw(490)/Rrs (490) values as low as 0.77 were determined (not explicitly shown), which suggests that great care must be taken when one is interpreting remote-sensing curves for the intermediate wavelength at shallow coastal stations.
At the optically shallow stations (ST01, ST02, ST03, and ST19), the model-derived depths were within approximately 10% of the chart depths without consideration of any tidal influence (typically < 0.5 m). This demonstrates a potential to use this model to survey, e.g., by aircraft overflights, dramatic changes in shelf bathymetry that can occur as a result of major storm.
For ST01, ST02, ST03, ST08, ST12, and ST14, the general agreement between the modeled and measured Rs values are very good, with small differences near 580 nm, where the measured R > modeled Rrs. Other than the modeling error, there are at least three possible reasons for this: (1) bottom-albedo uncertainty, (2) phycoerythrin fluorescence, 4 7 and (3) water-absorption coefficient uncertainty." A spectrally constant bottom albedo was used for the shallow stations. Earlier measurements of bottom albedo ( Fig. 7 ) did display some spectral dependence, but these types of changes could not provide the sharp increase and then decrease with wavelength in Rrs required for the measured and modeled Rrs curves to converge. Also, there was no bottom contribution to Rrs at ST08, ST12, or ST14. More realistic explanations include the lack of a term for phycoerythrin fluorescence or the differences between the waterabsorption coefficients in this spectral region reported by Smith and Baker 3 0 and Tam and Patel. 4 8 Further study is required to resolve this issue. The differences between the measured and modeled Rrs curves near 685 nm are expected because no term is included in the model to describe the chl a fluorescence.
Summary
Contributions to the water-leaving radiance spectra for a variety of waters were attributed to elastic shattering by water molecules, suspended particles, and bottom reflectance, and to inelastic scattering by water Raman and CDOM (or gelbstoff fluorescence. Inelastic scattering by pigments was not considered. For optically deep water, remote-sensing reflectance 
works well for the shallow waters that we considered. Together, the water-column term and the bottomreflectance term accounted for more than 90% of the total remote-sensing reflectance.
Close agreement between modeled and measured Rrs was achieved for all stations when all scattering mechanisms mentioned above (both elastic and inelastic) were included. The ratio ag(440)/ap(440) covered a range from 0.3 to 3.0, which indicates the wide usefulness of the model. For contributions other than those from the water column, as much as 23% of Rrs(490) is attributable to water Raman, CDOM fluorescence, and bottom reflectance for an optically shallow (25 m) station. For the power law of spectral radiance ratio, most error comes from reflected bottom radiance for coastal waters. For most deep waters, the power-law algorithm can be used without the correction of CDOM fluorescence and water Raman with little error if the optical properties covary with chlorophyll, because the inelastic effects cover the whole range from 400-600 nm with generally less than 10% contributions to the water-leaving radiance.
The ap required by the model is generally within 15% of the measured ap, with an average difference of 8 .9% (6.9% when ST12 is excluded). This suggests a method to remotely measure the pigment-and gelbstoff-absorption coefficients, although derivation of chl a concentration will depend on knowledge of the specific absorption coefficient for a region. Also the model-derived bottom depths for optically shallow waters are within 10% of the chart depths, which suggests its possible use to remotely measure bottom depth for the shelf waters. For z positive downward from the surface, the zenith angle, and + the azimuthal angle, with the consideration of isotropic 13 ie, to the first order, the inelastic radiance Luie Because 13(a, ) for water molecules is given by Morel4l and its angular distribution is considered to be wavelength independent for the visible region, the above equation can be simplified to Qmsun(j) = 5.92 -3.05 cos(j).
As backscattered skylight also contributes to the upwelling-radiance field, its influence on the actual Qm(j, X) needs to be considered. Defining the ratio between the subsurface, downwelling sky irradiance and solar irradiance to be y(A) and assuming that the Q factor that is due to skylight is 3.14, we have The inelastic total scattering coefficient X) (m'1/nm) is defined as qi(KX, K) = f ie(-, X, )do. (B5) Because Pie(a, Xx, X) is considered isotropic, then t(X., X) = 41ie(x, ). In general, bb < a for most oceanic waters, 2 ' so K is close to a, and based on the calculation for chl a fluorescence made by Gordon' 6 the Qie factor for inelastic scattering is 3.7. Then combining Eqs. 
Unlike broadband (-100 nm) CDOM fluorescence, the water Raman emission has a half bandwidth of approximately 20 nm. 3 2 If this bandwidth, is omitted, i.e., a narrow Raman emission is assumed, the inelastic-scattering coefficient X K) for water Raman can be related to the Raman scattering coeffi- 
